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CONSIDERATIONS TOWARD THE SELECTION OF AN 
ELECTRICAL POWER SYSTEM FOR THE LOGISTICS SPACECRAFT 

SUMMARY 

This paper presents the analysis and considerations which result 
in the tentative selection of a fuel cell-battery combination power 
system to supply electrical power for the Space Station Logistics Space- 
craft. The storable propellant reciprocator-battery system and the all- 
battery system may also be used at a weight penalty. 
water evaporation and radiator system is selected for thermal control. 

A combination 

The power systems selected for analysis are either partially de- 
veloped o r  have a reasonable chance of development in sufficient time 
for this mission. Reliability and minimum weight are significant bases 
for power system selection; low volume is also important but is a less 
significant goal. Growth potential and cost are also considered. 

Several power system configurations are treated to determine which 
will yield minimum weight with adequate redundancy. 
selected has consummables and batteries located in both modules with the 
power conversion unit located in the crew module. The problems of 
storing hydrogen and oxygen for long periods in space and of thermal 
control of the power system are treated. 

The configuration 

INTRODUCTION 

The selection of a space power system for a manned space flight 
mission must be sensitive to all pertinent aspects of the specific 
mission, the function of the crew, and the spacecraft configuration. 
The power systems must be compatible with mission requirements such 
as long-term storage in space and available energy sources suitable 
for the duration of the mission. 

The studies performed in this paper represent the combined analysis 
of power systems and related chemical storage, thermal control, and other 
subsystems which must be considered in order to select an electrical 
power generation system for this mission. 
tory since limitations on the storability of cryogenic propellants in- 
fluence the choice of the energy source, and since limitations of the 
thermal control system may drastically influence the types of power 
systems considered. Consideration is also given to such factors as 
development status, reliability, weight and growth potential. 

The combined study is man&- 
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The power requirements of a twelve-man, l i f t i n g  reentry,  horizontal  
landing type Logistics Spacecraft are presented. 
radioisotope energy sources are considered. 
ative and evaporative systems a r e  treated.  

Both chemical and 
Thermal control  by radi-  

MISSION DESCRIPTION AND SPACECRAFT CONCEPTS 

Mission.- The Logistics Spacecraft shall be capable of t ransport ing 
cargo and twelve crew members t o  and from a manned, earth-orbit ing space 
s t a t ion  and shall provide f o r  reentry, landing and recovery. The 
recovered spacecraft shall be su i tab le  f o r  reuse. 

Guidelines.- The technical  guidelines per t inent  t o  t h i s  study may 
be summarized as follows: 

1. A one orb i t  abort  r e c a l l  capabi l i ty  f o r  mximum crew safe ty  
s h a l l  be practicable. 

2. Maximum recycling o r  refurbishment of systems must be realized. 

3.  Single mission operational l i f e  s h a l l  be 48 hours with a 90 t o  
180 day o rb i t a l  storage interrupt ion following t h e  f i rs t  24-hour opera- 

t i o n a l  period. 

4. The crew module shall provide a habitable environment fo r  a 
period of a t  l e a s t  one day af ter  landing. 

Configurations.- Two configurations f o r  the  Logistics Spacecraft 
are being studied under contract  from hEC: 
reentry type; and the  l i f t i n g  reentry, horizontal  landing type. The 
spacecraft i s  comprised of two modules, t he  forward o r  crew module and 
the  cargo module. The l a t t e r  a l s o  serves as an adapter. This cargo 
module sha l l  be capable of fe r ry ing  l i qu id  and s o l i d  supply items and 
shall be non-recoverable. 

The blunt body o r  b a l l i s t i c  

The l i f t i n g  reentry configuration has been selected f o r  t h i s  study 
because it has the  added requirement of hydraulic power for movable con- 
t r o l  surfaces during reentry. The power systems f o r  t he  b a l l i s t i c  re- 
en t ry  type and l i f t i n g  reentry type should be e s sen t i a l ly  the  same ex- 
cape f o r  the hydraulic power. The thermal control  system m y  be s l i g h t l y  
d i f fe ren t  as a result of configuration differences.  

Locations of Power Systems.- This study considers a va r i e ty  of 
power system types. 
ba t t e r i e s  f o r  peak power and emergency conditions. 

Each system i s  considered i n  combination with 
It i s  assumed t h a t  

4 
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t he  primary power generation system, including tankage, reactants,  and 
cooling equipment, may be located i n  e i t h e r  t h e  cargo or crew module 
with consummables and ba t te r ies  s tored i n  e i the r  or s p l i t .  Hydraulic 
pumps f o r  control  surface actuation are located i n  the  crew module. 

Location of the  parer system may be d ic ta ted  by weight and volume 
l imi ta t ions  o r  by center of gravity requirements. 
module ju s t  p r io r  t o  reent ry  demands t h a t  reentry and post-landing power 
be supplied from systems located within the  crew module. Table I l i s t s  
the  system configurations considered in  t h i s  study. 

Staging of t he  adapter 

E lec t r i ca l  Power Profi le . -  Since the  power requirements of t he  
Logistics Spacecraft are estimated t o  be s imilar  t o  those of Gemini, 
except f o r  an increased environmental control  requirement and the  
addition of hydraulic power, a Gemini power p ro f i l e  was modified t o  
determine the  power and energy requirements. This power p ro f i l e  i s  
presented as figure 1 and represents a mission i n  which a l l  parking 
o r b i t  allowance is u t i l i zed .  
The design power level f o r  fue l  c e l l s  o r  dynamic systems i s  2.1 kw; 
peaks before reentry a r e  4.6 kw. 
by hydraulic actuators  f o r  the  maneuvering control  surfaces. 

The t o t a l  combined energy is  150 kw-hr. 

A reentry peak of 12.4 kw i s  required 

Figure 2 represents t he  energy required f o r  "perfect" launch and 
rendezvous and "perfect" separation, reentry, and landing. In other 
words, i f  a launch i s  made at the optimum t i m e  for rendezvous with the  
Space Station, no parking orb i t  would be required for phasing and only 
three hours would be required t o  arrive and dock. 
14.1 kw-hr of energy, and batteries would be included t o  ensure t h a t  
t h i s  energy i s  always available. Likewise, if separation occurs a t  
exact ly  t h e  proper time for landing i n  the  designated spot with no 
parking o rb i t  f o r  phasing, only 3.5 hours would be required t o  separate, 
reenter  and land. This represents 15.3 kw-hr and would a l so  be provided 
by batteries. Postlanding energy requirement would remain a t  20.3 kw-hr. 

This represents 

Figure 3 shows the energyblocks used f o r  power system design. 
previously stated,  fue l  c e l l s  and dynamic engines are considered t o  be 
designed f o r  outputs of only 2.1 kw. 
t o  be a peak and w i l l  be handled by ba t te r ies .  The only exceptions t o  
t h i s  are where turbines and the hypergolic reciprocator are assumed t o  
be designed t o  take peak loads. 
minimum launch and rendezvous power and m i n i m  reent ry  and landing 
power plus peaks. 
is  a l s o  furnished by ba t te r ies .  

As 

Any load above 2.1 kw i s  considered 

Enough b a t t e r i e s  are provided t o  supply 

In  some cases the 20.3 kw-hr post-landing requirement 
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ANALYSIS OF EI;ECTRICAL POWER SYSTEE 

Selection of Power Systems f o r  Analysis 

The power systems selected f o r  analysis  a r e  e i t h e r  p a r t i a l l y  
developed or have a reasonable chance f o r  development i n  su f f i c i en t  
time for  t h i s  mission. Re l i ab i l i t y  and minimum weight a r e  s ign i f icant  
bases f o r  power system selection; l o w  volume i s  a l s o  important but is a 
less s i e i f i c a n t  goal. Growth poten t ia l ,  development time and cost  a r e  
a l so  considered. 

The following power systems types a r e  selected f o r  analysis: 

1. 

2. 

3. 

4. 

5- 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Primary ba t t e r i e s  

Hydrogen-oxygen (H -0 ) f u e l  c e l l s  

Storable reactant  f u e l  c e l l  

Storable monopropellant turbine 

Storable bipropellant ( in te rmi t ten t )  turbine 

Storable bipropellant (hypergolic) reciprocator  

Hydrogen-oxygen reciprocator  

Hydrogen-oxygen S t i r l i n g  cycle reciprocator  

Hydrogen-oxygen Brayton cycle turbine 

Isotope - S t i r l i n g  cycle reciprocator  

Isotope - Brayton cycle turbine 

Isotope - Rankine cycle turbine 

2 2  

Energy Source.- Power generation systems f o r  space appl icat ions 
solar ,  nuclear ( reac tor  o r  radio- may u t i l i z e  th ree  energy sources: 

isotope),  o r  chemical. 
u t i l i z e  chemical energy s ince these systems a r e  r e l a t i v e l y  lightweight 
and operate e f f i c i e n t l y  f o r  low power, shor t  duration missions. 
va r i e ty  of chemical systems a re  cur ren t ly  under development which u t i -  
l i z e  hydrogen and oxygen, Aerozine-50 and nitrogen te t roxide,  mono- 
propellant hydrazine, o r  combinations of these. 

The m j o r i t y  of t he  above selected systems 

A 

The remainder of the 
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systems selected for this analysis utilize radioisotopes as the heat 
source. The isotope can be produced in a cylindrical form which can 
easily be integrated in heat exchangers for utilization with power 
systems. Most probable isotopic sources for the subject mission are 
Polonium-210 or Plutonium-238 with half-lives of 138.4 days and 
86.4 years, respectively. 
hazardous of the isotopes actively considered for space power appli- 
cations. 

These alpha-emitting sources are the least 

Solar and reactor energy sources were excluded in the system 
selection process. 
large exposed areas required to intercept a sufficient quantity of solar 
radiation and due to their strict orientation requirement. Also, ren- 
dezvous and maneuvering requirements prevent the use of a solar energy 
conversion system. Another disadvantage of solar conversion systems is 
the need for energy storage devices to provide energy during the shadow 
portion of earth orbits. 
to excessive weight required for shielding against harmful radiation. 
Also, associated development time and costs for reactors for the spe- 
cific power level of the Logistics Spacecraft are prohibitive. 

Solar conversion devices were rejected due to the 

The reactor energy sources were rejected due 

Chemical Storage.- Two general types of chemical fluids are con- 
sidered in this study, the earth storables such as hydrazine and nitrogen 
tetroxide, and the cryogenics - hydrogen and oxygen. As their name 
implies, the earth storable fluids can be stored indefinitely with 
minimum restrictions on temperature and pressure. Tankage utilizing 
bladder expulsion techniques are in current usage f o r  space vehicles. 

There have Seen considerable questions raised, however, over the 
long-term storability of hydrogen and oxygen. 
craft, this is of particular interest if these cryogenic fluids are to 
be utilized after the six-month orbitd storage period. Analysis has 
shown that it is impractical to store cryogenic oxygen and hydrogen 
inactively for as long as six months in space. This can be done with 
high pressure gas storage with considerable weight savings and with a 
reasonably small volume penalty above that required for supercritical 
storage. 

For the Logistics Space- 

Power Conditioning.- A power split of 60 percent d-c, and 40 per- 
cent a-c is assumed, based on ApoUo experience. If the power system 
generates all d-c, this output is passed through a regulator weighing 
about 7.5 lb/kw and that portion required for a-c is passed through an 
inverter weighing 32 lb/kw. If the system generates a-c, a11 power is 
regulated at a penalty of approximately 7 lb/kw; the a-c power is further 
passed through frequency changing equipment weighing about 20 lb/kw to 
get the assumed 400 cps output, and that portion required for d-c passes 
through a transformer - rectifier weighing approximately 15 lb/kw. 
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A cable weight of 20 pounds f o r  the  power conditioning system was as- 
sumed: The t o t a l  power conditioning weights a re  l i s t e d  i n  t ab le  11. 

Therm1 Control.- A preliminary thermal control  analysis  i s  pres- 
ented as appendix A. Heat re jec t ion  by radiators ,  f l u i d  evaporation 
systems, and combinations of these two are considered f o r  f i v e  typ ica l  
power systems. This analysis i s  preliminary and i s  intended only t o  
indicate  trends. Also, some of t h e  assumed heat re jec t ion  requirements 
have changed since the  writ ing of the appendix. These changes, however, 
have been incorporated i n  the weight estimates. System cooling weights 
a r e  based primarily on an a l l - rad ia tor  system, and c red i t  is  given t o  
systems which produce water f o r  cooling or drinking purposes. 
bo i le rs  a r e  included where practicable t o  ensure adequate heat re jec t ion  
f o r  the  3-hour and 3.5-hour minimums of figure 2. 

Water 

Since water evaporators of fe r  redundancy f o r  a small weight penalty 
they my be included t o  backup the  rad ia tor  system. 
t h a t  a combination radiator  and water evaporation system of fers  possi- 
b i l i t y  of weight savings, but a more de ta i led  thermal control  analysis  
would be required t o  es tab l i sh  these weights precisely.  

It i s  recognized 

Conversion System Characterist ics.-  A s  previously s ta ted,  twelve 
power systems a re  selected f o r  po ten t ia l  app l i cab i l i t y  t o  t h i s  mission. 
System weights a re  presented i n  table I and f igure  4. A br ie f  descrip- 
t i o n  of t he i r  charac te r i s t ics  follows: 

1. Primary bat ter ies :  Bat ter ies  a r e  a low volume, modularized, 
low cost,  re l iab le  source of power and a r e  a t  a very high state of 
development. Present day ba t t e r i e s  can y i e ld  80 w-hr/lb and the  tech- 
noiogy i s  adTncing. Battery temperatures must be maintained between 
60 F and 160 F f o r  e f f i c i e n t  operation. They m y  be used e i the r  a s  
the primary power source, as in  Mercury, or f o r  peak and emergency 
power. 

For the Logistics Spacecraft, e i t he r  pref l igh t  ac t iva ted  (already 
charged with e lec t ro ly te )  or remotely ac t iva ted  b a t t e r i e s  m y  be u t i -  
l ized.  Precharged ba t t e r i e s  have higher energy dens i t i e s  bu t  shorter  
shelf  l i f e  a f t e r  activation. They must be trickle-charged continuously 
t o  maintain t h e i r  capacity during storage. 
have a longer inactivated storage l i f e  ( 3 - 3  y r )  but a lower energy den- 
s i t y  (40-63 w-hr/lb). 
squib valves ju s t  p r ior  t o  use. 

Remotely ac t iva ted  ba t t e r i e s  

The e lec t ro ly te  i s  forced i n t o  the  c e l l  by f i r i n g  

Since provisions already a r e  mde f o r  the  Space S ta t ion  power system 
t o  supply a trickle-charge, t he  80 w-hr/lb b a t t e r i e s  w i l l  be used i n  the  
weight estimates. 
t he  remotely act ivated ba t t e r i e s  may be more a t t r ac t ive .  

However, a t  a l a t e r  date  the  longer storage l i f e  of 

J 

c 
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2, H -0 fue l  ce l l :  Several types of hydrogen-oxygen f u e l  c e l l s  

a r e  cur ren t ly  under development; however, only three are considered 
here: The General E lec t r i c  (GE) ion-exchange membrane type, the  P r a t t  
and Whitney (P and W )  porous metall ic electrode type, and t h e  Allis- 
Chalmers asbestos e l ec t ro ly t e  holder type. 
the same general pr inciple  i n  which chemical energy i s  converted 
d i r e c t l y  i n t o  e l e c t r i c a l  energy with potable water and heat  as by- 
products. 
combines with eight  pa r t s  of oxygen i n  producing the e l e c t r i c i t y .  
heat s ink capabi l i ty  of hydrogen i s  sometimes u t i l i z e d  f o r  cooling 
purposes and excess hydrogen m y  be passed through the c e l l  f o r  this 
purpose. Primary advantages of f u e l  c e l l s  are t h e i r  high e f f ic iency  
and low f ixed weight. 
genic tankage and supplemental cooling. 

2 2  

Each system operates on 

The react ion i s  stoichiometric such that one part of hydrogen 
The 

Principal disadvantages are the need f o r  cryo- 

a. GE f u e l  c e l l . -  The operating conditions of t h i s  system 
a r e  100°-1550 F at  20 psi .  
charac te r i s t ics  of the polymer membrane. Waste heat i s  removed by a 
closed coolant loop and a space radiator .  
i s  approximtely 0.9 lb/kw-hr and thermal eff ic iency i s  approximately 
56 percent. This system is being developed f o r  t he  Gemini spacecraft. 
Batteries would be employed t o  take peak loads above 2 .1  kw i n  the  
Logis t ic  s Spacecraft . 

Operational temperature i s  l imited by the 

Specif ic  reac tan t  consumption 

b. P and W f u e l  ce l l . -  This fue l  c e l l  may operate on e i t h e r  
a closed or an open cycle using excess hydrogen for cooling i n  the  
l a t t e r  case. D u d  porosi ty  nickel electrodes a re  used i n  conjunction 
with an aqueous potassium hydroxide e lec t ro ly te .  
and 450' F. 
a t  68 percent t h e r m 1  efficiency. 
Apollo and LEM. 
on the  Logistics Spacecraft. 

Operation i s  a t  60 p s i  
Specif ic  reactant consumption i s  approximtely 0.8 lb/kw-hr 

This system i s  under development f o r  
Again, peaking b a t t e r i e s  would be used f o r  peak loads 

e. A l l i s - C h a l m e r s  fuel  c e l l . -  This c e l l  u t i l i z e s  a cap i l l a ry  

Its development i s  being funded 
membrane and operates a t  30 psi  and from 190'- 210' F. 
i n  many respects  t o  the  P and W cell. 
by various government agencies. 

It i s  comparable 

I 

3. Storable reactant fue l  ce l l s :  Storable reactant  f u e l  c e l l s  a r e  
i n  the  i n i t i a l  development stage, although Allis-Chalmers has a un i t  
operating successfully on hydrazine ( N  H ) and oxygen (Note - The oxygen 

i s  not  storable;  it may be stored i n  pure form as a cryogenic f l u i d  or 
as high pressure gas or it m y  be obtained from the  decomposition of 
nitrogen te t roxide or hydrogen peroxide. ) 
reac tan t  combinations are under invest igat ion but only the  hydrazine- 
oxygen c e l l  w i l l  be considered here. 
similar t o  that of the hydrogen - oxygen fuel ce l l .  

2 4  

Several other s torab le  

The pr inc ip le  of operation i s  
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2 
The overal l  efficiency of the  c e l l  i s  40 percent a t  100 amps/ft 

The spec i f ic  propellant consumption (SPC) i s  approximately 2.26 lb/kw-hr. 
The pr inciple  advantage i s  the a b i l i t y  t o  u t i l i z e  s torab le  reactants .  

. 

4. Storable monopropellant turbine: This turbine power u n i t  i s  
being developed by Sundstrand and operates open cycle from the  gases 
resu l t ing  from the  decomposition of hydrazine. 
e l e c t r i c a l l y  o r  hypergolically" s t a r t e d  and it produces both e l e c t r i c a l  
and hydraulic power. 
ever, i ts  present design i s  l a rge r  than ac tua l ly  required f o r  the  
Logistics Spacecraft. 

It can be e i t h e r  

This power un i t  is  i n  advanced development, how- 

SPC i s  approximtely 5 lb/kw-hr. 

5. Storable bipropellant ( in te rmi t ten t )  turbine: The in te rmi t ten t  
o r  pulse turbine operates open cycle and derives i t s  energy f romthe  
results of the hypergolic combination of Aerozine-50 (50 percent N2H4 

and 50 percent UDMH) and nitrogen te t roxide  (N204), Combustion occurs 

i n  an external combustion chamber and the  hot gases a r e  pulsed through 
the turbine a t  approximately four second in t e rva l s  t o  keep turbine 
blades below maximum temperatures. 
s t r a t ed  by Thompson-Ramo-Wooldridge on company funds; no fu r the r  develop- 
ment of t h i s  system i s  underway. 

I n i t i a l  f e a s i b i l i t y  has been demon- 

Expected SPC i s  around 6 lb/kw-hr. 

6. Storable bipropellant (hy-p ergol ic )  reciprocator:  This engine i s  
a s ingle  cylinder, l i qu id  cooled, port  exhausted reciprocator  employing 
a two-stroke modified Otto cycle. 
Aerozine-50 and N 0 i s  in jec ted  through spec ia l ly  designed dual con- 
cent r ic  mono-seat poppet valves near top  dead center  of each stroke. 
Burning a t  nearly constant volume a t  an oxidizer  t o  f u e l  r a t i o  of 1.8 
i s  expected t o  yield a spec i f ic  propellant consumption of 4 lb/kw-hr. 
This engine i s  being developed by The bkrquardt Corporation under 
sponsorship of  NASA-WC. The apparent advantages of t h i s  system are 
operation on the  same reactants  used i n  many current propulsion systems 
and the poss ib i l i t y  of u t i l i z i n g  the same tankage. Other advantages 
a re  s implici ty  and low f ixed weight. 
r e l a t i v e l y  high propellant consumption r a t e  and i t s  ex terna l  cooling 
requirement. 

The hypergolic combination of 

2 4  

Primary disadvantages are i t s  

7. Hydrogen-oxygen reciprocator:  Vickers Incorporated i s  present ly  
under contract  t o  NASA-Lewis t o  develop a s ingle  cylinder,  s ingle  stage, 
reciprocating, i n t e rna l  combustion engine t o  operate on hydrogen and 
oxygen. 
inject ion.  

A modified Diesel cycle i s  employed with control led oxygen 
Ei ther  a platinum ca ta lys t  o r  a spark plug i s  used f o r  

*Hypergolic r e fe r s  t o  the spontaneous combustion occurring when 
cer ta in  fuel-oxidizer combinations come i n  contact with each other. 
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starting the combustion process. 
2.3 lb/kw-hr. Primary advantages of this system are simplicity and low 
fixed weight; disadvantages are the need for additional tankage for the 
cryogenic propellants and the external cooling requirement. 

SPC achieved to date has been 

8. Hydroaen-oxygen Stirling cycle reciprocator: This reciprocator 
operates on the closed Stirling gas cycle utilizing neon or helium as 
the working fluid. 
compression, constant volume heat addition, isotherm1 heat addition 
and expansion and constant volume heat rejection. 
gas is obtained from the open cycle combustion of hydrogen and oxygen 
in an external combustor. 
Allison Division of the General Motors Corporation under Air Force con- 
tract and has reached a fairly high state of development. 
advantage is high cycle efficiency; disadvantages are complexity and 
high reactant consumption of the combustor. 

This thermodynamic cycle consists of isothermal 

Heat addition to the 

This system is being developed by the 

Primary 

9. Hydrogen-oxygen Brayton cycle turbine: This system operates 
with a closed Brayton gas cycle utilizing an inert gas such as helium 
as the working fluid. This thermodynamic cycle consists of isentropic 
compression, constant pressure heat addition, isentropic expansion and 
constant pressure heat rejection. 
combusting hydrogen and oxygen. The system is characterized by high 
cycle efficiency but a lso  by large radiator areas as a result of low 
temperature heat rejection requirements. 
in the combustor is quite high. 

Heat is added to the gas by externally 

Predicted reactant consumption 

10. Isotope - Stirling cycle reciprocator: The conversion system is 
as described above; however, heat for this system is obtained from radio- 
active isotope decay. Possible location of the isotopes are in the 
engine head or in an external heat exchanger. 

11. Isotope - Brayton cycle turbine: The conversion system is as 
described previously. 

12. Isotope - Rankine cycle turbine: This system operates on the 
liquid-vapor Rankine cycle utilizing mercury or rubidium as the working 
medium. This closed cycle consists of isentropic pumping, constant 
pressure heat addition, constant temp&rature and pressure heat addition, 
isentropic expansion, and constant temperature and pressure heat re- 
jection. The system is characterized by relatively low efficiencies 
but smll radiators can be used due to the relatively high condensing 
temperatures. 
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SYSTEM SELECTIONS 

System weights are consolidated in table I. 
tions, based on minimum weight, are given below. 
selected configurations is outlined in appendix B. 

The first five selec- 
An explanation of the 

1. Pratt and Whitney closed cycle hydrogen-oxygen fuel cell 
(1,396 lbs); 

2. Allis-Chalmers hydrogen-oxygen fuel cell (1,530 lbs) j 

3. 

4. and 5. krquardt ' s hypergolic reciprocator and General Electric ' s 
Allis-Chalmers storable fuel cell (1,554 lbs); 

fuel cell (both weigh 1,793 lbs). 

It is interesting to note that a single configuration resulted in 
the minimum weight for all three hydrogen-oxygen fuel cells. 
case the fuel cell would be located in the crew module along with a 
20.3 kw-hr supply of high pressure reactants and 15.3 kw-hr of batteries. 
In the adapter would be housed the equivalent of 51.5 kw-hr of sub- 
critically stored reactants for ascent, 43.9 hw-hr of high pressure 
reactants for descent, and 19.0 kw-hr of batteries for peaks, spikes, 
and minimum rendezvous power. 

In this 

The configurations selected for the storable fuel cell and the 
hypergolic engine systems had the fuel cell or engine in the crew module 
with 20.3 kw-hr of reactants and 15.3 kw-hr of batteries. 
would be located 95.4 kw-hr of reactants and 19.0 kw-hr of batteries. 
Systems without batteries were not selected since the redundancy offered 
by the batteries is considered essential. 

In the adapter 

The remining systems in order by weight are: 

6. 

7. 

8. 

9. 

10. 

11. 

Pratt and Whitney open cycle fuel cell (1,811 lbs); 

Batteries (2,132 lbs); 

Intermittent turbine (2,145 lbs) ; 

Hydrogen-oxygen reciprocator (2,154 lbs) ; 

Hydrogen-oxygen Brayton cycle turbine (2,186 lbs) ; 

Monopropellant turbine (2,294 lbs) ; 
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12. Isotope-Brayton cycle turbine (2,305 lbs) ; 

Y 

I .  

13. Hydrogen-oxygen S t i r l i n g  cycle reciprocator  (2,518 lbs)  . 
A s  previously s ta ted,  the f ac to r s  of r e l i a b i l i t y ,  development 

status, cost ,  growth potent ia l ,  weight, and volume a l l  influence f i n a l  
power system selection. Although minimum weight i s  important, it alone 
i s  not a su f f i c i en t  bas i s  f o r  select ion.  It i s  in t e re s t ing  t o  note 
t h a t  the  weight difference between the  P and W closed cycle f u e l  c e l l  
and an all ba t te ry  system i s  736 pounds. 
ba t t e ry  system i s  de f in i t e ly  a contender f o r  t h i s  mission i f  the weight 
penalty can be to l e ra t ed  f o r  the gain i n  r e l i a b i l i t y .  
would favor f u e l  c e l l s  over dynamic systems. While f u e l  c e l l s  a r e  not 
considered t o  be "ful ly"  developed a t  the  present time, they w i l l  be 
developed under present programs and w i l l  be avai lable .  Smaller develop- 
ment programs a r e  underway on most of the  r emin ing  systems. Growth 
poten t ia l  would be l i k e l y  t o  favor dynamic systems. 

This indicates  that an a l l  

Development s t a tus  

CONCLUSIONS 

The P and W fuel c e l l ,  both open and closed cycle, i s  being devel- 
oped f o r  Apollo and LEK The remaining development problems associated 
with t h i s  f u e l  c e l l  a r e  i n  the category of engineering. 
cycle P and W c e l l  i s  the  prime recommendation f o r  the  Logis t ics  Space- 
craf t .  
t i o n a l  charac te r i s t ics  than the P and W and m y  be -;?referred i f  it i s  
su f f i c i en t ly  developed. The GE c e l l  m y  be adequate f o r  t h i s  mission 
but it must a l s o  be proven on Gemini f o r  which it i s  being developed. 
The dynamic systems a r e  i n  ear ly  development stages and could not be 
recommended with f u l l  confidence a t  t h i s  time. Their performance t o  
date has been f a i r  and should improve with continued development. A 
ba t t e ry  system may be selected i f  t he  weight penalty can be tolerated.  

Thus the closed 

The Allis-Chalmers hydrogen-oxygen f u e l  c e l l  has b e t t e r  opera- 
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TAELE 11.- POWER CONDITIONING WEIGHTS 

Assumptions: (1) The desired e l e c t r i c a l  output is 40 percent of t o t a l  
power a s  400 cps a-c and 60 percent as d-c. 

(2) A 20-1b wire weight w a s  used throughout. 

( 3 )  No redundancy is  included i n  the  calculations,  

1. Primary ba t t e r i e s :  Output is a l l  d-c 

2‘76 ”) 60 percent x 4.6 kw = 
40 percent x 4.6 kw = 1.84 kw 

Used throughout Table I1 d-c: 
a-c: 

d-c: 
a-c: 

Regulator 7.5 lb/kw X 2.76 kw = 20.7 l b  
Regulator 7.5 lb/kw X 1.84 kw = 13.8 l b  
Inverter  32 lb/kw x 1.8 kw = 58.8 l b  

Wire 20.0 l b  

TOTAL 113.3 lb 

2 and 3. Fuel c e l l s :  Same a s  no. 1 

4. Storable monopropellant turbine: Alternator output i s  400 cps a-c. 

d-c transformer-rectifier 
a-c and d-c regulators ( re fer  t o  no, 1): 

15 lb/kw x 2.76 kw = 4L4 l b  
20.7 + 13.8 = 34.5 l b  

Wire 

TOTAL 

20.0 l b  

95.9 lb 

5. Storable bipropellant ( intermit tent  ) turbine : Alternator output 
i s  3,000 cps a-c (frequency regulator f o r  intermit tent  operation 
i s  assumed t o  be a p a r t  of t he  engine fixed weight) 

d-c: 
a-c: frequency changer 
a-c and d-c: regulator 

t ransformer-rect i f ier  15 lb/kw x 2.76 kw = 41.4 l b  
20 lb/kw x 1.84 kw = 36.8 l b  

= 34.5 l b  

Wire 20.0 l b  

TOTAL 132.7 lb 

6. Storable bipropellant (hypergolic ) reciprocator  : Generator output 
is  d-c. 

Same as no. 1 



TABLE 11.- POWER CONDITIONING WEIGHTS - Concluded 

7. H -0 reciprocator:  Alternator output i s  400 cps a-c 2 2  

Same as no. 4. 

8. H -0 S t i r l i n g  cycle reciprocator: Alternator output is  400 cps 2 2  
a-c. 

Same as no. 4. 

9. H -0 Brayton cycle turbine: Alternator output is 400 cps a-c. 
2 2  

Same as no. 5. 

Isotope - S t i r l i n g  cycle reciprocator,  10. 

Same as no. 4. 

Isotope - Brayton cycle turbine. 11. 

Same as no. 5 

12. Isotope - Rankine cycle turbine: Alternator output i s  2,000 cps. 
Weight is  approximately the  same as no. 5. 

a 
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APPENDIX A 

ANALYSIS OF THERMAL CONTROL SYSTEMS 

SUMMARY 

This analysis i s  directed toward es tab l i sh ing  an  e f fec t ive  thermal 
control  system f o r  re jec t ing  the heat resu l t ing  from the  inef f ic ienc ies  
of the e l e c t r i c a l  power system f o r  the  Logis t ics  Spacecraft of t he  
Manned Orbiting Space Station. 

Heat re jec t ion  by space rad ia tors  and water evaporation i s  
considered. 
of the  thermal control systems i s  considered f o r  f i v e  possible e l e c t r i -  
c a l  power systems. 

A combination of the  two systems i s  a l s o  t reated.  Each 

These considerations favor the se lec t ion  of space rad ia tors  f o r  
the heat re ject ion system. Additional work i s  necessary t o  more firmly 
e s t ab l i sh  t h i s  se lec t ion  due t o  the  d i f f i c u l t y  i n  es tab l i sh ing  r ad ia to r  
weights. 

INTRODUCTION 

The basic objective of the Logistics Spacecraft i s  t o  t ranspor t  
twelve personnel and maximum cargo t o  and from the Manned Orbiting 
Space Station (MOSS). 

As shown i n  f igure  A-1, a maximum ac t ive  f l i g h t  time of 48 hours 

A habitable environment must be provided f o r  the  
The spacecraft  and i t s  subsystems 

has been stipulated,  including 24 hours from launch t o  docking and 
24 hours for  r e c a l l .  
crew f o r  one day following landing. 
w i l l  be capable of unpressurized o r b i t a l  storage f o r  s ix  months. 

This analysis i s  concerned with five of the  power systems being 
considered f o r  supplying the Logistics Spacecraft e l e c t r i c a l  power. 
These e l e c t r i c a l  power systems are: 

propellant f u e l  c e l l ,  ( 3 )  H2-02 reciprocator,  (4)  hypergolic recclprocator, 

and ( 5 )  St i r l i ng  cycle reciprocator.  

(1) H2-02 fuel c e l l ,  (2) s torable  

The objective of t h i s  ana lys i s  i s  t o  inves t iga te  methods f o r  
re jec t ing  heat resu l t ing  from the  inef f ic ienc ies  of the electrical  
power system f o r  the spacecraft. Two methods of thermal control  a r e  
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t reated;  heat 
A combination 
configuration 
f l a t  p la te  or ientat ions were assumed f o r  the  r ad ia to r  surfaces. 

r e j ec t ion  by space rad ia tors  and by water evaporation. 
of the two systems i s  a l s o  considered. No spec i f i c  
was assumed f o r  the Logis t ics  Spacecraft, but instead 

LIST OF SYMBOLS 

2 Radiator area, f t  

2 N e t  heat re ject ion,  Btu/hr-ft 

Surface so la r  absorpt ivi ty  

Surface emissivity 

Angle between normal t o  f l a t  p la te  and pos i t ion  vector. The 
posi t ion vector i s  a l i n e  from the center  of the ea r th  t o  
the  vehicle, degrees. 

Angle between plane formed by sun vector  and posi t ion vector, 
and plane formed by normal vector and posi t ion vector, 
degrees . 

Angular posi t ion i n  o r b i t  from earth-sun l i n e  o r  subsolar 
point, degrees. 

RADIATOR SYSTEM ANALYSIS 

The re jec t ion  of heat by space rad ia tors  depends g rea t ly  upon 
t h e i r  o r ien ta t ion  with respect  t o  the sun and nearby planetary bodies. 
I n  t h i s  analysis  several  radiator  or ien ta t ions  have been assumed i n  
order t o  show the e f f e c t  of or ientat ion on rad ia tor  area. The orienta- 
t i o n s  chosen w i l l  give maximum and minimum values of r ad ia to r  area. 

The design point f o r  the radiators  was chosen as the  point during 
an o rb i t  where there  i s  minimum net  heat exchange between the  r ad ia to r  
and i t s  environment. The design point coincides with the point of 
maximum environmental sink temperature. 

The following assumptions apply: 

a. 2 Solar constant = 445 Btu/hr-ft 
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2 b. Earth re f lec ted  so la r  rad ia t ion  = 169 Btu/hr-ft 

2 c. Earth thermal rad ia t ion  = 68 Btu/hr-ft 

d. 300 naut ica l  mile c i r cu la r  o r b i t  

e. A l l  surfaces rad ia te  d i f fuse ly  

f. Uniform temperature rad ia tor  

g. Space rad ia tor  character is t ics :  

1. Surface so la r  absorpt ivi ty  = 0.18 

2. Surface thermal emissivity = 0.90 

3. 100 percent f i n e  e f f ic iency  

h. Radiators a re  inactive during launch and reentry; water 
evaporation w i l l  be used during t h i s  period. 

Figure A - 2  shows per t inent  angles f o r  r ad ia to r  orientation, and 
f igure  A-3 shows the  rad ia tor  or ientat ions used i n  t h i s  analysis. 
Figure A-4 shows typ ica l  net  rad ia tor  heat r e j ec t ion  prof i les  f o r  each 
of the orientations chosen. 
f o r  each case, the point of maximum environmental sink temperature can 
be found. 
re jec t ion  f o r  a range of rad ia tor  temperatures based on the maximum 
environmental sink temperature of each case. 
tu re  i s  tabulated on f igure  A-5 f o r  each case. 

From the  typ ica l  heat re jec t ion  prof i le  

Figure A-5 shows a p lo t  of rad ia tor  area per unit of heat 

The maximum sink tempera- 

By the use of tab le  A-I, which gives the  e l e c t r i c a l  parer system 
ineff ic iencies  and rad ia tor  temperature, and f igure  A-5, t he  maximum 
areas  can be calculated. 
each case and each e l e c t r i c a l  parer system. 

The maximum areas are shown i n  f igure  A-6 f o r  

The design point considered allows the  r ad ia to r  t o  r e j e c t  the 
maximum heat load a t  i t s  point of minimum heat  re ject ion.  
be some method of control l ing rad ia tor  performance as the  r ad ia to r  moves 
away from t h i s  minimum heat re jec t ion  point, and a l s o  f o r  lower heat 
loads. Control of heat re jec t ion  i s  necessary f o r  optimum system 
performance and prevention of rad ia tor  f l u i d  freezing when exposed t o  
a low temperature environment. The t ransport  f l u i d  must a l s o  be chosen 
so that it i s  cmpt ib le  with the  maximum expected temperature rea l ized  
from the e l e c t r i c a l  power system. 
made t o  select  a t ransport  f luid.  

There must 

I n  th i s  analysis ,  no attempt was 
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Radiator weights are  based on 0.55 pounds per square foot  of 
rad ia tor  area f o r  f i n  and tube type radiators .  
current with the  state-of-the-art i n  rad ia tor  design. The above 

0.55 l b s / f t  
include meteoroid shielding, pumps, valves o r  t ransport  f l u i d  weights. 
A s  w a s  s t a t ed  i n  the assumptions, the rad ia tor  was considered inactive 
during launch and reentry. These phases of the mission would require a 
water evaporation system weighing approximately t e n  pounds. This w a t e r  
weight was included i n  the radiator  system weights. Figure A-7 shows 
maximum radia tor  weights based on the previous assumptions. The weights 
are based on the  maximum peak power system inef f ic ienc ies  as s h m  i n  
t ab le  A-I. 

This value seems t o  be 

2 includes on ly  the  weight of t he  rad ia tor  and does not 

WATEB WAPORiTIVE SYSTEM ANALYSIS 

The re jec t ion  of heat by a water evaporative system depends upon 
the  thermo-physical properties of water and the r a t e  a t  which water i s  
vented t o  the space environment. The space environment does not a f f ec t  
t h e  heat re jec t ion  r a t e  of a water evaporative system. 

The following assumptions apply: 

a. Maximum heat of vaporization of water = 1071.7 Btu/lb (at 
14.7 psia) .  

b. Heat i s  t ransferred t o  the  water by means of a closed cooling 
loop and water boi ler .  

c. 10-percent weight penalty f o r  H 0 tankage. 2 

The weight of the water evaporative system depends only on the 
heat  of vaporization of H20 and the t o t a l  amount of heat t o  be rejected.  

The weight of the components f o r  the  cooling loop i s  not included. 
Figure A-7 shows the required water evaporative system weights. These 
weights are based on the t o t a l  e l e c t r i c a l  power system ineff ic iencies  
from tab le  A-I. 

COMBINATION SYSTEM ANALYSIS 

A combination system consisting of a space rad ia tor  and a water 
bo i l e r  i s  considered. The same general  assumptions apply f o r  the 
combination system components as f o r  the  individual systems. 



It i s  assumed that the rad ia tor  operates continuously and that the 
water evaporative system handles any heat t he  rad ia tor  cannot r e j ec t .  
It was a l s o  assumed that fo r  a given rad ia tor  the  e f fec t ive  rad ia tor  
a rea  would be varied t o  handle lower heat loads. 

The analysis consis ts  of select ing r ad ia to r  areas  and determining 
how must of the required load each could r e j ec t .  The remaining heat i s  
rejected by the water evaporative system. A r e a s  are  chosen up t o  and 
including the maximum possible area f o r  each e l e c t r i c a l  power system. 

A radiator  area of zero indicates  that an a l l  water evaporation 
system i s  used. 
conversion system and the  minimum area of zero requires  that it be 
combined w i t h  a water evaporator f o r  o r b i t a l  cooling. 

Any rad ia tor  between the maximum area f o r  each 

Radiator a reas  are based on a rad ia tor  or ien ta t ion  of y = 90" and PL = 0 since the  la rges t  area results from t h i s  orientation. 

Figure A-8 shows a plot  of the  combination system weight f o r  
rad ia tor  areas from zero t o  the maximum f o r  each e l e c t r i c a l  power 
system, and a l s o  a plot  of rad ia tor  weight. 
i s  thus the  difference between the combination system weight and the 
rad ia tor  weight. 
rad ia tor  system. If water boil-off i s  not assumed t o  be used during 
launch and reentry, the combination system curve would in t e r sec t  that 
of rad ia tor  weight at the maximum required rad ia tor  area. 

The water weight required 

Each curve ends w i t h  the  area required f o r  a pure 

I 

Figure A-9 shows a plot  of the combination system weight f o r  the 
hypergolic reciprocator and H -0 

0.55 l b s / f t  and 1.10 l b s / f t  . 
increases that the  difference between the  maximum radia tor  weight and 
the optimum combination system weight increases. 

f u e l  c e l l  f o r  rad ia tor  weights of 

It i s  seen that as the rad ia tor  weight 2 2* * 

The optimum canbination system weight, obtained from f igure A-8, 
f o r  each e l e c t r i c a l  power system i s  shown on f igure  A-7, along w i t h  
those f o r  the rad ia tor  system and water evaporative system. 

SYSTEM COMPARISON 

From figure A-6, it i s  seen that case I1 gives the l a rges t  rad ia tor  
area f o r  a l l  e l e c t r i c a l  power systems. 
radiator  area f o r  a l l  orientations.  If t h i s  area i s  used, the rad ia tor  
can handle the peak load i n  any or ientat ion and hence the vehicle would 
be f r e e  t o  maneuver i n  a l l  direct ions.  It i s  noticed that there  are 

This i s  a l s o  the  maximum 



other or ientat ions which r e s u l t  i n  lower weights, 
r e s t r i c t i o n  t o  be put on the radiator  or ientat ion 
vehicle. 

but they require a 
and hence on the  

From f igure  A-7, we see that  the rad ia tor  weights are lower than 

Design and control  can over- 
those of the water evaporative system. The rad ia tor  system has the  
disadvantage i n  i t s  tendency t o  freeze. 
come the freezing problem when the rad ia tors  a r e  act ive;  however, when 
the rad ia tors  a re  stored during the  six-month docking period some 
method t o  prevent freezing must be used i n  order t o  prevent s t ruc tu ra l  
damage. The water evaporative system i s  the simpler of the two systems 
and can achieve the desired heat re ject ion,  unaffected by the changing 
space environmental sink temperature; however, i t s  weight i s  prohibi- 
t i v e l y  high. The rad ia tor  system has the advantage of higher mission 
f l e x i b i l i t y ,  because the system weight i s  affected very l i t t l e  by time 
i n  orb i t .  

Figure A-8 shows the weights of the combination system. It i s  
seen tha t  the optimum point r e su l t s  i n  a lower system weight than t h a t  
of the rad ia tor  system, but the weight savings i s  not very s ignif icant .  
For the combination system t o  be used, there should be a s igni f icant  
weight savings over both of the  individual systems, due t o  the increased 
complexity of using two separate systems i n  combination. 

The weight savings of the  combination system w i l l  become more 
a t t r a c t i v e  over the rad ia tor  system as the  area of the rad ia tor  system 
increases, as shown i n  f igure  A-9. Before the combination system can 
be eliminated, addi t ional  weight analysis  on the rad ia tor  system must 
be made t o  include f lu id ,  pump, valve and plumbing weights. 

CONCLUDING REMARKS 

The major requirements of an e f f i c i e n t  thermal control  system are 
simplicity, r e l i a b i l i t y ,  minimum weight, and ease of maintenance. 

A rad ia tor  system i s  re l iab le  and r e l a t ive ly  uncomplicated. The 
rad ia tor  system i s  l i g h t e r  t h a n  a water evaporative system, a s  
i l l u s t r a t e d  by the hypergolic reciprocator e l e c t r i c a l  power system 
which requires a rad ia tor  system of 98.6 pounds and a water evaporative 
system of 907.8 pounds. However, the water evaporative system i s  
re l iab le ,  simple, and easy t o  maintain. 

The combination system f o r  the hypergolic reciprocator weighs 
80.0 pounds which i s  not a s ignif icant  enough weight saving over the 
rad ia tor  system t o  make it desirable. 
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Since weight i s  a prime selection c r i t e r i a ,  the rad ia tor  system 
appears t o  be the  best  system based on the assumptions of t h i s  prelimi- 
nary analysis . 
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Sun Vector 5 

j3 - Angle between plane formed by sun vector  and pos i t ion  
vector and plane formed by normal vector  and pos i t ion  
vector . 

Figure A-2. - Radiator pos i t ion  vectors  
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CASE I CASE I1 CASE-m 
y = oo p, = 0" y = 90" 9, = 0 " '  Y = 180" 9c = 0 0  

sun Vector 

CASE I11 
y = 90" 9, = 90" 

7 Vector . 

Pos i t  ion  
Vector 

*NOTE: 
Orbital  plane is formed by pos i t ion  vec tor  and sun vector. 

Figure A-3. - Radiator o r i e n t a t  ions 



Figure A-4. - Typical radiator  heat rejection prof i le  
300 nautical mile orbi t  

TR = 6200 R E = 0.90 u/E = 0.20 



39 

Figure A-5.- Flat  plate radiator area per u n i t  of heat rejection 
300 nautical mile orbi t  

u/E = 0.20 E = 0.w 

(Based on maximum sink temperatures) 



Figure A-6.- Radiator areas 
300 nautical m i l e  orbi t  

a/E = 0.20 E = 0.90 
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2 Figure A-7. - Heat rejection system weights (based on 0.55 lbs / f t  ) 
300 nautical mile orbi t  

(Worst C a s e )  

u/E = 0.20 E = 0.90 
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Figure A-8. - Water evaporative and radiator 
heat rejection system weights 

300 nautical mile orbit 

a J E = 0 . 2 0  E = O . g @  

(Radiator Weights Based on Case 11) 
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Figure A-9.- Water evaporative and radiator 
heat re jectlon system weights 

300 nautical milt orbit 

a/E = 0.20 E = 0.90 
(Radiator Weights Based On Case 11) 
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APPENDIX B 

SYSTEM WEIGHTS 

By: W. E. Simon 
Propulsion and P m e r  Division 
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APPENDIX B 

SYSTEM WEIGHTS 

I -  
Note s 

a. Fuel c e l l  calculat ions were based on current designs f o r  the LE24 
(February 1964) which has a design power l eve l  of 900 watts. 
a useful 2.1 kw, since the fuel c e l l s  must supply 2.7 kw gross, it 
was necessary t o  use three 900-watt units. Hence, i n  order t o  have 
a minimum of redundancy, it w a s  necessary t o  use four  fue l  c e l l  
un i t s  i n  t h i s  preliminary study. 

For 

More refined calculat ions would involve a fuel c e l l  uni t  designed 
f o r  1.5 kw. Three of these would be used f o r  t h i s  mission. A t  
t h i s  time, however, no rel iable  data  i s  avai lable  on a redesigned 
unit .  

b. Because of the  f a c t  t ha t  four  f u e l  c e l l s  were used i n  the f u e l  
ce l l -ba t te ry  combinations, it w a s  thought necessary f o r  the dynamic 
systems calculations t o  use three prime movers f o r  each case, i n  
order t o  provide an adequate redundancy. Later and more refined 
study may show that only two prime movers a re  necessary, each 
capable of providing 2.7 kw. 

c.  It must be remembered that these calculations a re  preliminary since 
precise system weights, configurations, and desired design puwer 
levels ,  a r e  not available from the  manufacturers f o r  t h i s  specif ic  
mission. Besides, many of the systems f o r  which calculations are 
presented have been b u i l t  f o r  other purposes or  other missions, and 
the design power levels,  a s  w e l l  as many other parameters, a re  far 
from optimum f o r  t h i s  mission. 
estimates available were used. 

1.n these cases the best weight 

d. It w a s  assumed f o r  the cooling calculat ions that the  power system 
i s  a t  a l l  times i n  a thermally conditioned module. 
chemical system, a l l  waste heat which cannot be rejected by the 
combustion exhaust gases must be diss ipated by a water bo i l e r  o r  a 
radiator.  

Hence, for a 

e. For each case cooling calculations were carr ied out using (1) a 
water boi ler ,  and (2) a radiator. 
or  water bo i l e r  was not dependent upon mission constraints,  the 
minimum weight incurred dictated the method of cooling. During 
launch and reentry it was assumed that a water bo i l e r  would be used, 
because aerodynamic heating would prohibi t  rad ia tor  operation. 

Where the choice of a rad ia tor  



46 

f .  No water bo i l e r  redundancy was added f o r  any system, as t h i s  
component i s  highly reliable. 

Primary Batteries: (80 w . h r / l b )  

Adapter module batteries 
Crew module batteries 
Hydraulic equipment 
Power conditioning 

Total  

H -0 Fuel Cells: 2 2  

(a) A l l i s - C h a l m e r s  f u e l  c e l l s  

Adapter module batteries 
Crew module b a t t e r i e s  
Four energy conversion 

package s (ECP ' s ) 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Supercr i t ica l  o system ( i n  

High pressure 0 ( i n  adapter)  

High pressure H ( i n  adapter)  

Parer conditioning 

2 

2 

2 

adapter) 

Total  

(b) Allis-Chalmers f u e l  c e l l s  

Adapter module batteries 
Crew module b a t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water b o i l e r  system 
Radiator 
Subcr i t ica l  O2 system ( i n  adapter)  

Subcr i t ica l  H2 system ( i n  adapter)  

High pressure O2 system ( i n  adapter)  

High pressure H2 system ( in  adapter)  

Parer conditioning 
Total  

1,430 l b s  
445 
144 
2 
2,132 l b s  

238 l b s  
445 

260 
144 
34 
136 

67 
118 

75 

3 l b s  

238 l b s  
445 
260 
144 
34 
136 
57 
19 
118 

75 

3 lbs 
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( c )  Allis-Chalmers fue l  c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water b o i l e r  system 
Radiator 
Supercr i t ica l  0 system ( i n  adapter) 

Supercr i t ica l  H system ( i n  adapter)  

Power conditioning 
Total  

2 

2 

(d )  Allis-Chalmers fue l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Subcr i t ica l  0 system ( i n  adapter)  

Subcr i t ica l  H system ( i n  adapter)  

Power conditioning 

2 

2 

Total 

(e )  Mlis-Chabners fuel  c e l l s  

Adapter module ba t te r  ie s 
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
High pressure O2 system ( i n  adapter)  

High pressure H system ( i n  adapter)  

Power conditioning 
Total  

2 

787 l b s  
445 
260 

34 
136 
67 
23 

144 

113 
2,010 lbs 

787 l b s  
445 
260 

34 
136 
57 
19 

144 

238 l b s  
445 
260 

34 
136 
257 
152 

144 

113 
1,779 l b s  



(f) Allis-Chalmers f u e l  cel ls  

Adapter module batteries 
C r e w  module batteries 
Four energy conversion pckages  
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter)  

Power conditioning 
Total  

( g )  Allis-Chalmers f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module b a t t e r i e s  
Four energy conversion packages 
Hydraulic e q u i p e n t  
Water bo i l e r  system 
Radiator (miss ion) 
Radiator (postlanding) 
Supercr i t ical  o system ( i n  adapter)  

Supercr i t ical  H~ system ( i n  adapter) 

High pressure O2 system ( i n  adapter)  

High pressure H system ( i n  adapter)  

High pressure O2 ( i n  crew module ) 
High pressure H ( i n  crew module) 

Power conditioning 

2 

2 

2 

Total  

(h) Allis-Chalmers f u e l  c e l l s  

Adapter module batteries 
Crew module ba t t e r i e s  ' 

Four energy conversion packages 
Hydraulic e q u i p n t  
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
Subcri t ical  O2 system ( i n  adapter)  

Subcri t ical  H2 system ( i n  adapter) 

787 l b s  
445 
260 

34 
136 
138 
78 

144 

2 
2,135 lbs  

238 l b s  
192 
260 
144 
34 

136 
75 
67 
23 

118 

75 
2 
32 

113 
1,559 Ibs 

238 l b s  
192 
260 
144 
34 

136 
75 
57 
19 
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(h) A l l i s - C h a l m e r s  fue l  c e l l s  (Continued) 

2 High pressure 0 system ( i n  adapter)  

High pressure H2 system ( i n  adapter)  

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  crew module) 

system ( i n  crew module) 
2 

2 

Total  

(i) Allis-Chalmers fuel c e l l s  

Adapter module ba t te r  ie s 
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter)  

system ( i n  adapter)  

system ( i n  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

Total  

( j )  Allis-Chalmers fuel cells 

Adapter module ba t te r ies  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic e qui p e n t  
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
Supercr i t ica l  o system f i n  adapter)  

Supercr i t ica l  H system ( i n  adapter)  

High pressure 0 

High pressure H 

Puwer conditioning 

2 

2 

2 

2 

system ( i n  crew module) 

system ( i n  crew module) 

Total  

118 l b s  

75 
52 

17 
113 
1,530 lbs  

238 lbs  
192 
260 
144 
34 
136 
75 
257 
152 

52 

32 

l b s  

787 l b s  
192 
260 
144 
34 
136 
75 
67 
23 
52 

32 

-22 
1,915 l b s  



(k) Allis-Chalmers fuel c e l l s  

Adapter m o d u l e  batteries 
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator (mission) 
Radiator (postlanding) 
Subcri t ical  O2 system ( i n  adapter)  

Subcri t ical  Hg system ( i n  adapter) 

Power conditioning 
Total 

(1) Allis-Chalmers fuel c e l l s  

Adapter module batteries 
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator (mission) 
Radiator (postlanding) 
High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

High pressure 0 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

P a r e r  conditioning 

2 

2 

Total  

(a) P r a t t  and Whitney (open cycle) fuel c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion pckages  
Hydraulic equipment 
Cooling - none 
Supercr i t ical  o system ( i n  adapter) 

Supercr i t ical  H2 system ( i n  adapter) 

High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Parer conditioning 
Total  

2 

787 l b s  
192 
260 
144 
34 

136 
75 
57 
19 

113 
1,901 lbs  

787 l b s  
192 
260 
144 
34 

136 
75 

138 
78 
52 
32 

lbs 

238 l b s  
445 
280 
144 

54 
94 
97 

405 

fi l b s  



(b)  P ra t t  and Whitney (open cycle)  f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
Subcr i t ica l  0 system ( i n  adapter)  2 
Subcri t ical  H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter) 

system ( i n  adapter) 

Total 

2 

2 

( c )  Pratt and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
Supercr i t ical  o system ( i n  adapter) 

Supercr i t ical  H2 system ( i n  adapter) 

Power conditioning 
Total 

2 

( d )  Pratt and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
C r e w  module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
Subcri t ical  0 system ( i n  adapter)  2 
Subcri t ical  H2 system ( i n  ,adapter) 

Power conditioning 
Total 

238 l b s  
445 
280 
144 

45 
80 
97 
405 

i$# l b s  

787 l b s  
445 
280 
144 

54 
94 

222 
1,917 lbs 

787 l b s  
445 
280 
144 

45 
80 

& l b s  
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(e )  1 
Pratt and Whitney (open cycle)  fuel c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
High pressure O2 system ( i n  adapter)  

High pressure H system ( i n  adapter)  

Power conditioning 
Total 

2 

(f) Pratt and Whitney (open cycle) f u e l  c e l l s  

Adapter module batteries 
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic e qui p e n t  
Cooling - none 
High pressure 0 system ( i n  adapter)  

High pressure H2 system ( i n  adapter)  

Power conditioning 
Total  

2 

(g) 1 P r a t t  and Whitney (open cycle)  f u e l  c e l l s  

Adapter module batteries 
Crew module batteries 
Four energy conversion packages 
Hydraulic equipnent 
Cooling - none 
Supercr i t ica l  0 system ( i n  adapter)  

Supercr i t ica l  H system ( i n  adapter)  

High pressure 0 system ( i n  adapter)  

High pressure H system ( In  adapter)  

High pressure 0 system ( i n  crew module) 

High pressure H system ( i n  crew module) 

Power conditioning 

2 

2 
2 
2 

2 
2 

Total 

238 l b s  
445 
280 
144 

201 

836 
113 
2,257 lbs 

787 l b s  
445 
280 
144 

114 
474 
113 
2,357 3s 

238 l b s  
192 
280 
144 

54 
94 
97 
405 
46 
1-71 

& lbs  
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(h) Pratt and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t te r ies  
C r e w  module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
Subcr i t ica l  0 system ( i n  adapter)  2 
Subcr i t ica l  H system ( i n  adapter)  2 
High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter)  

system ( i n  adapter)  

system ( i n  crew module) 

system ( i n  crew module) 

2 
2 

2 

2 

Total  

(i) P r a t t  and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

Power conditioning 

2 

system ( i n  crew module) 

system ( i n  crew module) 
2 

2 

Total 

(j) P r a t t  and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t te r ies  , 

Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic e quipme n t  
Cooling - none 
Supercr i t ica l  0 system ( i n  adapter) 

Supercr i t ica l  H2 system ( i n  adapter) 

Supercr i t ica l  o2 system ( i n  crew module) 

2 

238 l b s  
192 
280 
144 

45 
80 
97 
405 
46 
171 

l b s  

238 lbs 
192 
280 
144 

201 

836 
46 
171 
113 
2,221 l b s  

787 l b s  
192 

144 
280 

54 
94 
46 
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(3) Pratt and Whitney (open cycle) f u e l  c e l l s  (Continued) 

Supercr i t ical  H 

Power conditioning 

system ( i n  crew module) 2 

Total 

(k) 1 P r a t t  and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
Subcri t ical  O2 system ( i n  adapter) 

Subcri t ical  H2 system ( i n  adapter)  

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  crew module) 

system ( i n  crew module) 
2 

2 

Total  

(1) P r a t t  and Whitney (open cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Cooling - none 
High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

Puwer conditioning 

system ( i n  crew module) 

system ( i n  crew module) 
2 

2 

Total  

(a )  P ra t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t t e r  ie s 
C r e w  module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator 

171 lbs 

lbs  

787 l b s  
192 
280 
144 

45 
80 
46 
171 

& lbs 

787 lbs 
192 
280 
144 

114 

474 
46 
171 

-222 
2,321 lbs 

238 lbs 
445 
380 
144 
19 
15 
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. 

(a)  P r a t t  and Whitney (closed cycle) f u e l  c e l l s  (Continued) 

Supercr i t ica l  0 system ( i n  adapter)  

Supercr i t ica l  H system ( i n  adapter) 

High pressure 0 system ( i n  adapter)  

High pressure H system ( i n  adapter)  

Pme r conditioning 
Total  

2 

2 

2 

2 

(b) P r a t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t te r  ie s 
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Subcr i t ica l  O2 system ( i n  adapter)  

Subcr i t ica l  H system ( i n  adapter) 

High pressure 0 

High pressure H 

Power conditioning 

2 
system ( i n  adapter)  

system ( i n  adapter)  

Total  

2 

2 

( c )  P r a t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t t e r  ie s 
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator 
Supercr i t ical  0 system ( i n  adapter) 

Supercr i t ica l  H2 system ( i n  adapter) 

P m r  conditioning 
Total 

2 

54 l b s  

17 
96 
62 

238 lbs 
445 
380 
144 
19 
15 
45 
14 
96 
62 

2 
1,571 l b s  

787 l b s  
445 
380 
144 
19 
15 
54 
17 

& lbs 



(a ) ,  P r a t t  and Whitney (closed cycle) fue l  c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator 
Subcri t ical  O2 system ( i n  adapter) 

Subcri t ical  H2 system ( i n  adapter) 

Puwer conditioning 
Total 

( e ) ,  P r a t t  and Whitney (closed cycle) fuel c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Power conditioning 
Total  

(f) Pratt and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
C r e w  module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Pawe r conditioning 
Total  

787 lbs 
445 
380 
144 
19 
15 
45 
14 

lbs 

238 l b s  
445 
380 
144 
19 
15 
212 
128 

787 lbs 
445 
380 
144 
19 
15 
114 
69 

l b s  
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( g )  P r a t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t te r ies  
Crew module ba t te r ies  
Four energy conversion packages 
Wdraulic equipment 
Water bo i l e r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
Supercr i t ica l  0 g y s t e m  ( i n  adapter)  

Supercr i t ical  H2 system ( i n  adapter) 

High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

Power conditioning 

2 

2 

Total 

(h)  P r a t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module bat ter ie  s 
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic e quipme n t  
Water b o i l e r  system 
Radiator ( m i s s  i on )  
Radiator (postlanding) 
Subcr i t ica l  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter) 

system ( i n  adapter) 

system ( i n  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

Total 

238 l b s  
192 
380 
144 
19 
15 
4 
54 
17 
96 
62 
46 
28 

238 lbs  
192 
380 
144 
19 
15 
4 
45 
14 
96 
62 
46 
28 

113 
1,396 lbs 



(i) P r a t t  and Whitney (closed cycle) fue l  c e l l s  

Adapter module ba t t e r i e s  
C r e w  module b a t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator ( m i  s s ion ) 
Radiator (post landing) 
High pressure O2 system ( i n  adapter) 

High pressure H system ( i n  adapter) 

High pressure 0 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

Power conditioning 

2 

2 

Total  

(j) Pratt and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator ( m i s s  ion)  
Radiator (postlanding) 
Supercr i t ical  0 system ( i n  adapter) 

Supercr i t ical  H system ( in  adapter) 

High pressure O2 system ( i n  crew module ) 
High pressure H2 system ( i n  crew module) 

Power conditioning 

2 

2 

Total  

(k) P r a t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator (miss ion) 
Radiator (postlanding) 
Subcri t ical  O2 system ( i n  adapter) 

238 l b s  
192 
380 
144 
19 
15 

4 
212 

128 

45 
28 

l b s  

787 lbs  
192 
380 
144 
19 
15 

4 
54 
17  
46 
28 

787 lbs 
192 
380 
144 
19 
15 

4 
45 
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(k) P r a t t  and Whitney (closed cycle) f u e l  c e l l s  (Continued) 

Subcri t ical  H system ( i n  adapter) 1 4  lbs 

High pressure 0 system ( i n  crew module) 46 
High pressure H system ( i n  crew module) 28 

2 

2 

2 

i$$ lbs  
Parer conditioning 

Total  

(1) P r a t t  and Whitney (closed cycle) f u e l  c e l l s  

Adapter module ba t te r ies  
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Water boi ler  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Parer conditioning 

system ( i n  adapter) 

system ( i n  adapter) 

system ( i n  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

Total 

(a) General Elec t r ic  fue l  c e l l s  

Adapter module ba t te r ies  
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Supercr i t ical  0 system ( i n  adapter) 

Supercr i t ical  H system ( i n  adapter) 

High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Power conditioning 
(Credit 7 l b  of H20 produced) 

2 

2 

2 

Total 

787 l b s  
192 
380 
144 
19 
15 

4 
114 

69 
46 
28 

113 
1,911 lbs  

238 lbs  
445 
288 
144 
44 

324 
67 
23 

120 

71 
113 

1,870 l b s  
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General Elec t r ic  f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
Subcri t ical  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

Power conditioning 
(Credit 7 lb of H20 produced) 

system ( i n  adapter) 

system ( i n  adapter) 
2 
2 

Total  

General E lec t r i c  f u e l  c e l l s  

Adapter module ba t t e r i e s  
C r e w  module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
Supercr i t ica l  o system ( i n  adapter) 

Supercr i t ica l  H system ( i n  adapter) 

Power conditioning 
(Credit 7 l b  of H20 produced) 

2 

2 

Total  

General E lec t r i c  f u e l  c e l l s  

Adapter module b a t t e r  ie s 
C r e w  module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator 
Subcri t ical  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

Power conditioning 
Credit 7 l b  of H20 produced) 

To ta l  

238 lbs  
445 
288 
144 
44 
324 
58 
19 

120 

71 
113 

lbs  

787 lbs 
445 
288 
144 
44 
324 
67 
23 

2,228 lbs  

787 lbs 
445 
288 
144 
44 
324 
38 
19 

113 

2,215 l b s  
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(.)I General Elec t r ic  fue l  c e l l s  

Adapter module ba t t e r i e s  
C r e w  module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator 
High pressure 0 

High pressure H 

Power conditioning 
(Credit 7 l b  of H20 produced) 

system ( i n  adapter)  

system ( i n  adapter] 
2 

2 

Total 

( f ) ~  General Elec t r ic  fuel c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
High pressure 0 

High pressure H 

Power conditioning 
(Credit 7 lb of H20 produced) 

system ( i n  adapter)  

system ( i n  adapter) 
2 

2 

Total 

(g) General Elec t r ic  fue l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator (mission) 
Radiator (postlanding) 
Supercr i t ica l  0 system ( i n  adapter) 

Supercr i t ica l  H system ( i n  adapter) 

High pressure 0 system ( in  adapter)  

High pressure H system ( i n  adapter) 

2 

2 

2 

2 

238 lbs 
445 
288 
144 

44 
324 
259 
154 
113 

2,002 lbs 

787 lbs 
445 
288 
144 
44 

324 
140 

83 
113 

lbs 

238 lbs 
192 

144 
44 

288 

324 
108 

67 
23 

120 

71 
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(g) General Elec t r ic  f u e l  c e l l s  (Continued) 

High pressure 0 system ( i n  crew module) 

High pressure H2 system ( i n  c r e w  module) 

Power conditioning 
(Credit 15 lbs of H20 produced) 

2 

Total 

(h) '  General Elec t r ic  f u e l  c e l l s  

Adapter module batteries 
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water boi le r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
Subcri t ical  O2 system ( i n  adapter) 

Subcri t ical  H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter) 

system ( i n  adapter) 

system ( in  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

(Credit 15 lbs  of-H20 produced) 

Total  

(i) General Elec t r ic  f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
High pressure 0 

High pressure H 

High pressure 0 

system ( in  adapter) 

system ( i n  adapter) 

system ( i n  crew module) 

2 

2 

2 

56 lbs  

33 
113 

1,806 lbs 

238 l b s  
192 
288 
144 
44 

324 
108 
58 
19 

120 

71 
56 
33 

113 

1,793 1bs 

238 lbs 
192 
288 
144 
44 

324 
108 
259 
134 
48 



(2) '  General E lec t r i c  fue l  c e l l s  (Continued) 

High pressure H 2 
P m r  conditioning 
(Credit 15 lbs of H20 produced) 

system ( i n  crew module) 

Total  

(j), General Elec t r ic  fue l  c e l l s  

Adapter module ba t te r ies  
C r e w  module ba t te r ies  
Four energy conversion packages 
Hydraulic e quipment 
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
Supercr i t ica l  0 system ( i n  adapter) 2 
Supercr i t ica l  H system ( i n  adapter) 2 
High pressure 0 2 
High pressure H 2 
Power conditioning 
(Credit 15 lbs of H20 produced) 

system ( i n  crew module) 

system ( i n  crew module ) 

Total 

(k) '  General Elec t r ic  fue l  c e l l s  

Adapter module ba t te r ies  
C r e w  module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i  s s ion) 
Radiator (postlanding) 
Subcr i t ica l  O2 system ( i n  adapter)  

Subcr i t ica l  H system ( i n  adapter)  

High pressure O2 system ( i n  crew module) 

High pressure % system ( i n  crew module) 

Puwer conditioning 
(Credit 15 lbs of H20 produced) 

2 

Total  

29 lbs 

113 

lbs  

787 lbs  
192 
288 
144 
44 

324 
108 
67 
23 
56 
33 

113 

2,164 lbs 

787 lbs  
192 
288 
144 
44 

324 
108 
58 
19 
56 
33 

113 

2,151 lb s  



64 

(1) General Elec t r ic  f u e l  c e l l s  

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
High pressure 0 2 system ( i n  adapter) 

High pressure H 2 system ( i n  adapter) 

High pressure 0 2 system ( i n  crew module) 

High pressure H 2 system ( i n  crew module) 

Power conditioning 
(Credit 15 l b s  H20 produced) 

Total  

3. Storable f u e l  c e l l  

(a) Adapter module ba t t e r i e s  
C r e w  module b a t t e r  ie s 
Four energy conversion packages 
Hydraulic equipment 
Water bo i le r  system 
Cooling equipment 
Subcri t ical  O2 system ( i n  adapter) 

N2H4 system ( i n  adapter) 

He pressurization system 
Power conditioning 

Total  

(b) Adapter module batteries 
C r e w  module batteries 
Four energy conversion packages 
Hydraulic equipment 
Water bo i l e r  system 
Cooling equipment 
Subcri t ical  O2 system ( i n  adapter) 

High pressure O2 system ( i n  adapter) 

N2H4 system ( i n  adapter) 

He pressurization system 
Power conditioning 

Total  

787 lbs 
192 
288 
144 
44 

324 
108 
144 

84 

56 
33 

113 

2,302 lbs 

787 l b s  
445 
286 
144 

50 
40 
73 
72 
2 

113 
2,012 lbs  

238 lbs 
445 
286 
144 
50 
40 
73 

149 
130 

4 

lbs 

c 



. 

( C )  Adapter module ba t te r ies  
Crew m o d u l e  ba t t e r i e s  
Four energy conversion packages 
Hydraulic e q u i p e n t  
Water bo i l e r  system 
Cooling equipment 
Subcri t ical  0 system ( i n  adapter) 

High pressure 0 

N2H4 system ( i n  adapter) 

High pressure 0 

N2H4 system ( i n  crew module) 

He pressurization system 
Power conditioning 

2 
system ( i n  adapter) 2 

system ( i n  crew module) 2 

Total  

(a) Adapter m o d u l e  ba t te r ies  
Crew module ba t te r ies  
Four energy conversion packages 
Hydraulic equipnent 
Water bo i l e r  system 
Cooling equipnent 
High pressure 0 

N2H4 system ( i n  adapter) 

High pressure 0 

N H 

He pressurization system 
Power conditioning 

system ( in  adapter) 2 

system ( i n  crew module) 2 
system ( i n  crew module) 2 4  

Total 

4. Storable monoprapellant turbine 

(a)  Adapter module ba t te r ies  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic e q u i p e n t  
Water bo i le r  system 
Radiator 
Hydrazine 
Tankage 
N ~ O ~  and tankage ( fo r  s t a r t i ng )  

He pre s sur i z a t  ion 
Power conditioning 

Tota l  

238 lbs 

144 
50 
40 
73 
149 
130 
69 
65 
5 

881 lbs 
192 
286 
144 
50 
40 
149 
63 
69 
65 
3 

113 
2,055 lbs 

238 l b s  
445 
256 
144 
95 
237 
638 
108 
15 
22 

& lbs 



66 

(b) Adapter module ba t t e r i e s  
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Hydrazine 
Tankage 
N ~ O ~  and tankage (for s t a r t i ng )  

He pre s suri zat  ion 
Parer conditioning 

Total  

(c )  Adapter module ba t t e r i e s  
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
Hydrazine ( i n  adapter) 
Tankage ( i n  adapter) 
Hydrazine ( i n  crew module) 
Tankage ( i n  crew module) 
N ~ O ~  and tankage (for s t a r t i n g )  

He pressurizat ion 
Power conditioning 

Total  

( a )  Adapter module ba t t e r i e s  
Crew module b a t t e r i e s  
Three prime movers 
Hydraulic equipment 
Radiator ( m i  s s ion ) 
Radiator (postlanding) 
Hydrazine ( i n  adapter) 
Tankage ( i n  adapter) 
Hydrazine ( i n  crew module) 
Tankage ( i n  crew module) 
N ~ O ~  and tankage (for s t a r t i ng )  

He pressurization 
Power conditioning 

787 lbs  
445 
256 
144 
95 

237 
345 
60 
15 
12 

& l b s  

238 lbs 
192 
256 
144 
95 

237 
137 
638 
108 
136 
27 
30 
27 

2,361 lbs  
96 

882 lbs  
192 
256 
144 
237 
137 
294 
62 

136 
27 
30 
15 

Total 



67 

c 

. 

( e )  Three prime movers 
Water bo i le r  systems (launch) 
Water boi le r  system (reentry)  
Water boi le r  system (pre-retro) 
Radiator 
HydraziEe (ir! adapter) 
Hydrazine ( i n  crew module) 
Tankage ( i n  adapter) 
Tankage ( i n  crew module) 
N204 and tankage (for s t a r t i n g )  

He pressurization 
Power conditioning 

Total  

5. Storable bipropellant ( intermit tent  ) turbine 

( a )  Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic e quipme n t  
Water boi le r  system 
Radiator system 
Aerozine-50 
Aerozine-50 tankage 

N2°4 
N204 tankage 

He pre s sur i z a t  ion 
Power conditioning 

Total 

(b) Adapter module ba t te r ies  
Crew module bat t e r i e  s 
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator system 
Aerozine-50 
Aero z ine - 50 tankage 

N2°4 
N204 tankage 

He pre s sur  i za t ion 
Power conditioning 

Total  

465 lbs 
95 
40 

208 
237 
767 
239 
129 
43 
15 
34 

& lbs  

238 lbs 
445 
342 
144 
11 

101 
388 
68 

233 
31 
19 

133 
2,153 lbs 

787 lbs  
445 
342 
144 
11 

101 
209 
39 

126 
19 
10 a l b s  



( c )  Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator system (mission) 
Radiator system (postlanding) 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N204 tankage ( i n  adapter) 

Aerozine-50 ( i n  crew module) 
Aerozine-50 tankage ( i n  crew module) 
N 0 ( i n  crew module) 

N204 ( i n  crew module 

He pressure 
Power conditioning 

2 4  

Total  

(d)  Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator system (mission) 
Radiator system (postlanding) 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N204 tankage ( i n  adapter) 

Aerozine-50 ( i n  crew module) 
Aerozine-50 tankage ( i n  crew module) 
N 0 ( i n  crew module) 

N 0 tankage ( i n  crew module) 

He pressurizat ion 
Power conditioning 

2 4  
2 4  

T o t a l  

238 lbs  
192 
342 
144 
11 

101 
67 

388 
68 

233 
31 
93 
20 
50 
10 

24 

882 lbs 
192 
342 
144 
11 

101 
67 

178 
34 

107 
17 
93 
20 
50 
10 

1 4  
133 
2,395 1bs 



c 

(e)  Three prime movers 
Water bo i l e r  system (launch) 
Water boi le r  system (reentry)  
Water boi le r  system (pre-retro)  
Radiator 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N o tankage ( i n  adapter) 

Aerozine-50 ( i n  crew module) 
Aerozine-50 tankage ( i n  crew module) 
N204 ( i n  crew module) 

N 0 
He pressurizat ion 
Power conditioning 

2 4  

tankage ( i n  crew module) 2 4  

Total 

6. Storable bipropel lant  (hypergolic) reciprocator 

(a) Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N ~ O ~  tankage ( i n  adapter) 

He pressurizat ion 
Power conditioning 

Total  

(b)  Adapter module ba t t e r i e s  
C r e w  module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N ~ O ~  ( i n  adapter) 

N204 tankage ( in  adapter) 

360 lbs  
11 
16 
30 
101 
465 
81 
279 
37 
144 
28 
87 
15 
29 

l b s  

238 lbs 
445 
231 
144 
64 
131 
136 
27 
246 
33 
11 

113 
1,819 l b s  

787 lbs 
445 
231 
144 
64 
131 
73 
17 
133 
20 



Continued 

He pressurization 
Power conditioning 

Total  

Adapter module ba t t e r i e s  
C r e w  module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i  ssion ) 
Radiator (postlanding) 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N 0 tankage ( i n  adapter) 

Aerozine-50 ( i n  crew module) 
Aerozine-50 tankage ( i n  crew module) 
N 0 ( i n  crew module) 

N 0 ( i n  crew module) 

He pressurization 
Power conditioning 

2 4  

2 4  

2 4  

Total  

Adapter module batteries 
C r e w  module ba t t e r i e s  
Three prime movers 
Hydraulic e qu ipme n t  
Radiator ( m i s s  ion) 
Radiator (postlanding) 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N204 tankage ( i n  adapter) 

Aerozine-50 ( i n  crew module ) 
Aerozine-50 tankage ( i n  crew module) 
N 0 ( i n  crew module) 

N 0 

He pressurization 

2 4  

2 4  tankage ( i n  crew module) 

6 ~ b s  a l b s  

238 I ~ S  

192 
231 
144 
64 

131 
122 
136 
27 

246 
33 
29 
10 
53 
11 

13 
113 
1,793 lbs  

882 lbs 
192 
231 
144 
131 
122 
63 
15 

113 
18 

29 
10 
53 
11 

7 

. 

3 lbs  
Pow& conditioning 

Total  



. 

(e)  Three prime movers 
Water bo i l e r  system (launch) 
Water bo i l e r  system (reentry)  
Water b o i l e r  system (pre-retro)  
Radiator 
Aerozine-50 ( i n  adapter) 
Aerozine-50 tankage ( i n  adapter) 
N204 ( i n  adapter) 

N204 tankage ( i n  adap te r )  

Aerozine-50 ( i n  crew module) 
Aerozine-50 tankage ( i n  crew module) 
N ~ O ~  ( i n  crew module) 

N204 tankage ( i n  crew module) 

He pre s sur i zat ion 
Parer conditioning 

Total  

7. H -0 receiprocator 2 2  

(a)  Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Supercr i t ica l  o system ( i n  adapter) 

Supercr i t ica l  H system ( i n  adapter) 

High pressure 0 system ( i n  adapter) 

High pressure H system ( i n  adapter) 

Power conditioning 
Total  

2 

2 

2 

2 

(b) Adapter module ba t te r ies  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Subcr i t ica l  0 system ( i n  adapter) 

Subcr i t ica l  H system ( i n  adapter) 
2 

2 

441 l b s  
64 
37 

140 
131 
164 
32 

294 
38 
51 
13 
92 
15 
17 

ij2 lbs  

238 lbs  
445 
309 
144 
64 

131 
102 

110 

184 
437 

3 lbs  

238 lbs  
445 
309 
144 
64 

131 
87 
91 



Continued 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter) 

system ( i n  adapter) 

Total  

2 

2 

Adapter module ba t t e r i e s  
C r e w  module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Supercr i t ical  o2 system ( i n  adapter) 

Supercr i t ical  H system ( i n  adapter) 

Puwer conditioning 
Total  

2 

Adapter module batteries 
C r e w  module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
Subcr i t ica l  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

Power conditioning 
Total  

Adapter module batteries 
C r e w  module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Power conditioning 
Total  

2 

184 l b s  

437 

l b s  

787 l b s  
445 
309 
144 
64 

131 
102 

110 

& lbs  

787 lbs  
445 
309 
144 
64 

131 
87 
91 

& lbs 

238 l b s  
445 
309 
144 
64 

131 
400 
951 

& l b s  
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. 

( f ) Adapter module batteries 
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator 
High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter) 

system ( i n  adapter)  

Total  

2 

2 

( g) Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic e q u i p e n t  
Water boi le r  system 
Radiator (mission ) 
Radiator ( po s tlanding ) 
Supercr i t ical  0 system ( i n  adapter) 

Supercr i t ical  H system ( i n  adapter) 

High pressure 0 system ( i n  adapter) 

High pressure H system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H 

Power conditioning 

2 

2 

2 

2 

system ( i n  crew module 2 

Total 

(h) Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator ( m i s s  ion) 
Radiator (post landing) 
Subcri t ical  0 system ( i n  adapter) 

Subcr i t ica l  H system ( i n  adapter) 

High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H system ( i n  crew module) 

Puwer conditioning 

2 

2 

2 

2 

Total 

787 l b s  
445 
309 
144 
64 

131 
217 
513 

9 6  
2,709 l b s  

238 lbs 
192 
309 
144 
64 

131 
122 
102 

110 

184 

437 
86 

201 

& lbs  

238 l b s  
192 
309 
144 
64 

131 
122 
87 
91  

184 

437 
86 

201 

& l b s  
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Adapter module batteries 
Crew module ba t t e r i e s  
Three prime muvers 
Hydraulic e q u i p e n t  
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
High pressure 0 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

Power conditioning 

2 

Total  

( j )  Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator (mission) 
Radiator (postlanding) 
Supercr i t ical  o2 system ( i n  adapter) 

Supercr i t ical  H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H system ( i n  crew module) 

Power conditioning 
2 

Total  

(k) Adapter module batteries 
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiat or  (post landing) 
Subcri t ical  O2 system ( i n  adapter) 

Subcri t ical  H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module ) 

Power conditioning 
Total  

238 l b s  
192 
309 
144 
64 

131 
122 
400 

951 
86 
201 

3 l b s  

787 lbs 
192 
309 
144 
64 

131 
122 
102 

110 
86 

201 

&lb s 

787 l b s  
192 
309 
144 
64 

131 
122 
87 
91 
86 

201 

96 
2,310 l b s  
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(1)' Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic equilpnent 
Water bo i l e r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter) 

system ( i n  adapter)  

system ( i n  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

Total 

8. H -0 S t i r l i n g  cycle reciprocator 2 2  

(a) Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic e q u i p e n t  
Water bo i l e r  system 
Radiator 
Supercr i t ica l  0 system ( i n  adapter) 

Supercr i t ica l  H system ( i n  adapter)  

High pressure 0 system ( i n  adapter)  

High pressure H system ( i n  adapter)  

Parer conditioning 
Total  

2 

2 

2 

2 

(b)  Adapter module ba t te r ies  
C r e w  module ba t te r ies  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Subcr i t ica l  0 system ( i n  adapter)  

Subcr i t ica l  H system ( i n  adapter) 

High pressure 0 system ( i n  adapter)  

High pressure H2 system ( i n  adapter) 

Power conditioning 
Total  

2 

2 

2 

787 lbs 
192 
309 
144 
64 

131 
122 
217 
513 
86 

201 

& l b s  

238 111s 
443 
531 
144 
115 
171 
212 

61 

390 
227 

& lbs 

238 l b s  
443 
531 
144 
115 
171 
179 
50 

390 
227 



( c )  Adapter module b a t t e r i e s  
Crew module b a t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Supercr i t ical  o2 system ( i n  adapter)  

Supercr i t ical  H~ system ( i n  adapter) 

Parer conditioning 
Total  

(d)  Adapter module b a t t e r i e s  
Crew module b a t t e r i e s  
Three prime movers 
Hydraulic equilpnent 
Water bo i l e r  system 
Radiator 
Subcr i t ica l  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

Parer conditioning 
Total  

(e)  Adapter module b a t t e r i e s  
Crew module b a t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Power conditioning 
Total  

(f) Adapter module b a t t e r i e s  
C r e w  module b a t t e r i e s  
Three prime movers 
Hydraulic equipnent 
Water bo i l e r  system 
Radiator 
High pressure O2 system ( i n  adapter) 

High pressure H2 system ( i n  adapter) 

Power conditioning 
Total 

787 l b s  
445 
531 
144 
115 
171 
212 

61 

& lbs 

787 lbs 
445 
531 
144 

96 
2,518 l b s  

238 lbs 
445 
531 
144 
115 
171 
844 
500 

lbs 

787 lbs 
445 

1,531 
144 
115 
171 
457 
270 

lbs 

c 
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(g) Adapter module ba t te r ies  
C r e w  module ba t te r ies  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
Supercr i t ical  0 system ( i n  adapter) 

Supercr i t ical  H2 system ( i n  adapter) 

High pressure 0 system ( i n  adapter)  

High pressure H system ( i n  adapter) 

High pressure 0 system ( i n  crew module) 

High pressure H system ( i n  crew module) 

Puwer conditioning 

2 

2 

2 

2 

2 

Total 

(h)  Adapter module ba t te r ies  
C r e w  module ba t te r ies  
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiator (pos tlanding ) 
Subcri t ical  0 system ( i n  adapter) 

Subcr i t ica l  H system ( i n  adapter) 

High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Puwer conditioning 

2 

2 
system ( i n  adapter) 

system ( i n  adapter) 

system ( i n  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

Total 

238 lbs  
192 
531 
144 
115 
171 
168 
212 

61 

390 
227 
180 
106 

238 lbs  
192 
531 
144 
115 
171 
168 
179 
50 

390 
227 
180 
106 

& lbs  



Adapter module batteries 
C r e w  module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
High pressure O2 ( i n  adapter) 

High pressure H2 ( i n  adapter) 

High pressure O2 ( i n  adapter) 

High pressure H2 ( i n  adapter) 

P m r  conditioning 
Total  

Adapter module ba t t e r i e s  
C r e w  module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator ( m i s s  ion) 
Radiator (postlanding) 
Supercr i t ica l  o2 systems ( in  adapter) 

Supercr i t ica l  H2 systems ( i n  adapter) 

High pressure O2 system ( i n  adapter) 

High pressure % systems ( i n  adapter) 

P m r  conditioning 
Total  

Adapter module batteries 
C r e w  module b a t t e r i e s  
Three prime movers 
Hydraulic e q u i p e n t  
Water boi ler  system 
Radiator mission) 
Radiator t post landing) 
Subcri t ical  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

P m r  conditioning 
Total  

238 l b s  
192 
531 
144 
115 
171 
168 
844 
500 
180 
106 

& lbs 

787 l b s  
192 
531 
144 
115 
171 
168 
212 

61 
180 
106 

& lbs 

787 lbs 
192 
531 
144 
115 
171 
168 
179 
50 

180 
106 



79 

1 

Adapter module batteries 
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
High pressure 0 system ( i n  adapter) 

High pressure H system ( i n  adapter) 

High pressure 0 system ( i n  crew module ) 
High pressure H2 system ( i n  crew module ) 

Power conditioning 

2 
2 
2 

Total 

. 
c 

9. H -0 Brayton cycle turbine 2 2  

(a ) Adapter module ba t te r ies  
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Supercr i t ica l  o systems ( i n  adapter) 

Supercr i t ica l  H systems ( i n  adapter) 

High pressure 0 systems ( i n  adapter) 

High pressure H2 systems ( i n  adapter) 

Power conditioning 

2 

2 

2 

Total 

(b )  Adapter module ba t te r ies  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
Subcr i t ica l  0 systems ( i n  adapter) 

Subcr i t ica l  H2 systems ( i n  adapter) 

High pressure 0 

High pressure H 

Power conditioning 

2 

systems ( i n  adapter) 

systems ( i n  adapter) 
2 
2 

Total 

787 l b s  
192 
531 
144 
115 
171 
168 
457 
270 
180 
106 

3 
3,217 lbs  

238 lbs  
445 
261 
144 
14 6 
194 
155 
46 
285 
171 
2 
2,218 l b s  

238 lbs  
445 
261 
144 
14 6 
194 
131 
38 
285 
171 

lbs 



Adapter m o d u l e  batteries 
C r e w  module b a t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
Supercr i t ica l  o 2 system ( i n  adapter) 

Supercr i t ical  H~ system ( i n  adapter) 

Pmer  conditioning 
Total 

Adapter module ba t t e r i e s  
Crew module batteries 
Three pnime movers 
Hydraulic equipment 
Water bo i le r  system 
Radiator 
Subcr i t ica l  O2 systems ( i n  adapter) 

Subcri t ical  H2 systems ( i n  adapter) 

Pawer conditioning 
Total  

Adapter module ba t t e r i e s  
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator 
High pressure O2 systems ( i n  adapter) 

High pressure H 2 systems ( i n  adapter) 

Power conditioning 
Total  

Adapter module batteries 
Crew module b a t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator 
High pressure O2 systems ( i n  adapter) 

High pressure H2 systems ( i n  adapter) 

P m r  conditioning 
Total  

787 111s 
445 
261 
144 
146 
194 
155 

46 

133 
2,311 l b s  

787 lbs 
445 
261 
144 
146 
194 
131 
38 

-223 
2,279 lbs  

238 l b s  
445 
261 
144 
146 
194 
615 
370 

$2 lbs 

787 lbs 
445 
261 
144 
146 
194 
333 
199 

l b s  
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(g) Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator (mission) 
Radiator (postlanding) 
Supercr i t ica l  0 system ( i n  adapter) 

Supercr i t ica l  H system ( i n  adapter) 

High pressure O2 systems ( i n  adapter) 

High pressure H systems ( i n  adapter) 

High pressure 0 systems ( i n  crew module) 

High pressure H2 systems ( i n  crew module) 

Power conditioning 

2 
2 

2 

2 

Total 

(h) Adapter module batteries 
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic equipment 
Water boi le r  system 
Radiator (mission) 
Radiator (postlanding) 
Subcri t ical  O2 system ( i n  adapter) 

Subcri t ical  H2 system ( i n  adapter) 

High pressure 0 

irigh pressure H 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

Puwer conditioning 

system ( i n  adapter) 

system ( i n  adapter) 
2 

2 

Total 

(i) Adapter module ba t te r ies  
Crew module ba t te r ies  
Three prime movers 
Hydraulic e qui pne n t  
Water bo i le r  system 
Radiator ( m i  s s ion) 
Radiator (postlanding) 
High pressure O2 system ( i n  adapter) 

238 l b s  
192 
261 
144 
146 
194 
172 
155 
46 
285 
171 
132 
85 

3 lbs 

238 lbs 
192 
261 
144 
146 
194 
172 
131 
38 
285 
171 
132 
85 
2 
2,322 lbs 

238 l b s  
192 
261 
144 
146 
194 
172 
615 
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(i) Continued 

High pressure H2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

Power conditioning 
Total  

( j )  Adapter module ba t t e r i e s  
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator (mission) 
Radiator (postlanding) 
Supercr i t ica l  O2 system ( i n  adapter) 

Supercr i t ical  H 2 system ( i n  adapter) 

High pressure O2 system ( i n  crew module) 

High pressure H2 system ( i n  crew module) 

Power conditioning 
Total  

(k) Adapter module ba t t e r i e s  
Crew module batteries 
Three prime movers 
Hydraulic equipment 
Water bo i l e r  system 
Radiator ( m i  ss ion)  
Radiator (postlanding) 
Subcri t ical  O2 system ( i n  adapter) 

Subcri t ical  H2 system ( i n  adapter)  

High pressure O2 system ( i n  crew module) 

High pressure H 2 system ( i n  crew module) 

Power conditioning 
Total 

& l b s  

787 lbs 
192 
261 
144 
146 
194 
172 
155 
46 

132 

85 

l b s  

787 lbs  
192 
261 
144 
146 
194 
172 
131 
38 

132 

85 a lbs 
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Adapter module ba t te r ies  
Crew module ba t t e r i e s  
Three prime movers 
Hydraulic e q u i p e n t  
Water bo i l e r  system 
Radiator ( m i  s s ion) 
Radiator (postlanding) 
High pressure 0 

High pressure H 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  adapter)  

system ( i n  adapter) 

system ( i n  crew module) 

system ( i n  crew module) 

2 

2 

2 

2 

Total  

(m)' Three prime movers 
Water bo i l e r  system (launch) 
Water bo i l e r  system (reentry) 
Water bo i l e r  system (pre-retro) 
Radiator 
Supercr i t ica l  O system ( i n  adapter) 2 
Supercr i t ica l  H system ( i n  adapter)  2 
High pressure 0 2 
High pressure H 2 
Power conditioning 

system ( i n  crew module) 

system ( i n  crew module) 

Total  

(n)  Three  prime movers 
Water bo i l e r  system (launch) 
Water boi le r  system (reentry)  
Water bo i l e r  system (pre-retro) 
Radiator 
Subcr i t ica l  O2 system ( i n  adapter) 

Subcr i t ica l  H2 system ( i n  adapter) 

High pressure 0 

High pressure H 

Power conditioning 

system ( i n  crew module) 

system ( i n  crew module) 
2 

2 

Total 

787 l b s  
192 
261 
144 
146 
194 
172 
333 
199 
132 
85 

8 lbs  

348 l b s  
146 

49 
187 
194 
340 
94 

230 
133 

lbs 

348 lbs  
146 
49 

187 
194 
288 
70 

230 
133 

lbs  
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10. Isotope - S t i r l i n g  cycle reciprocator 

Adapter module batteries 
Crew module ba t t e r i e s  
Three prime movers 
Heat exchanger (includes isotopes*) 
Water bo i l e r  system (launch) 
Radiator 
Power conditioning 

Total  * 
Polonium - 210 

11. Isotope - Brayton cycle turbine 

Adapter module batteries 
Crew module ba t t e r i e s  
Three prime movers 
Heat exchanger (includes Po-210) 
Water bo i l e r  system (launch) 
Radiator 
Parer conditioning 

Total  

12. Isotope - Rankine cycle turbine 

Adapter module ba t t e r i e s  
Crew module ba t t e r i e s  
Three prime movers 
Heat exchangers (includes Po-210) 
Water bo i l e r  system (launch) 
Radiator 
Parer conditioning 

Total  

238 lbs  
192 
657 
550 
314 
513 

& l b s  

238 lbs 
192 
162 
600 
432 
548 
133 
2,305 lbs  

238 lbs  
192 
429 
700 
819 
426 
133 
2,937 1bs 


